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A B S T R A C T
Pitch bearings in wind turbines are affected by reciprocating motion due to pitch control. The combination of
oscillating operation, high loads, and mixed lubrication often leads to wear. Grease lubricants in wind turbine
pitch bearings should be designed to avoid such wear. Due to different available grease lubricants, the anti-
wear properties are investigated under downscaled wind turbine pitch bearing conditions. The downscaling
is accomplished by load simulation for a pitch bearing and analysis of the pitch movements for a 7.5 MW
reference turbine. The operational conditions of the four point contact ball bearing with 5 m outer diameter
are scaled to angular contact ball bearings of the size 7208. The investigations are concluded with contact
model experiments. Six Industrial grease lubricants for wind turbine pitch bearings are tested that follow very
different compositions. The investigations reveal, that none of the tested grease lubricants was able to reduce
wear for all tested conditions. After 250 000 cycles certain conditions lead to severe wear. Therefore, the pitch
controller should avoid such conditions if possible. Nevertheless, grease lubricants with low base oil viscosities
and high bleeding rates are best on average for the tested conditions. Furthermore, the results of the bearing
experiments are comparable to the model experiments.
1. Introduction
Reciprocating movements between rollers and raceway can lead
to damage, which limits the service life. The behaviour of oscillating
rolling element bearings has not been investigated in depth. Mathemat-
ical models for the fatigue life [1,2], torque [3], or film thickness [4–6]
are not sufficiently validated for oscillating rolling bearings and do not
produce satisfactory results [7–9]. As mechanisms, classification, and
impact of resulting damage during operation are not sufficiently inves-
tigated yet, the application of rolling element bearings in oscillating
applications is still coupled with high risks of premature failures and
short service life.
The pitch bearing connects the hub and the rotor blade. The bearing
allows the rotor blade to perform a pivoting movement around his
own axis (𝑍B), as shown in Fig. 1. Pitch bearings in wind turbines
are subjected both to wanted oscillations, i.e., resulting from pitch
control operations [10,11], and unwanted oscillations, i.e., resulting
from vibrations and load variations. During standstill the wind cre-
ates micro-oscillations of the rotor blade around its axis, which are
transmitted to the pitch bearing and cause micro movements of rollers
relative to the bearing rings [12,13]. Due to the constant adjustment
of the pitch angle during operation the pitch bearings also perform
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oscillating movements. A schematic representation of pitch control is
shown in Fig. 1. This is done to adapt the aerodynamic angle of attack
to the wind speed. The pitching of the rotor blade is used to control
the power output of the turbine and to minimise loads [14]. Newer
concepts further reduce loads by pitching each rotor blade individually
(Individual Pitch Control) [15,16]. The used controller concept may
vary according to manufacturer and local wind conditions.
In order to achieve the highest possible energy yield, the nacelle is
placed high up in the air in strong wind areas (e.g. offshore) whereby
a change of the lubricants can be carried out only with great time and
cost expenditure. Furthermore, due to the constant rotation of the hub,
the used lubricant must remain in place. Therefore, the pitch bearings
in wind turbines are usually lubricated with grease.
Several publications already focused on grease composition for
wear reduction of oscillating rolling element bearings [17–20]. Due
to the instationary and heterogeneous operating conditions in wind
turbines these results are not directly transferable. If wear occurs during
oscillating operation this usually limits service life.
The main wear mechanisms occurring in oscillating rolling element
bearings can be differentiated into False Brinelling and Fretting Corro-
sion. It should be noted that in literature several definitions of these
https://doi.org/10.1016/j.wear.2020.203335
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Fig. 1. Schematic representation of wind turbine pitch control.
terms are in use [21]. Especially in older publications the differentia-
tion or relationship of the mechanisms was treated inconsistently [22,
23].
False Brinelling and Fretting Corrosion can occur under similar
conditions if the oscillation amplitude is so small that slip occurs in
a fixed contact region. If lubricant is present False Brinelling occurs,
which is characterised by three distinct areas [21], see Fig. 2(a). There
is a ring-shaped area in the outer region due to pure sliding. This area
surrounds a region in which partial sliding occurs. In the middle of the
contact is a region where no relative movement and no wear occurs,
since rolling movement between roller and raceway takes places in this
region. The occurring wear is a complex mechanism that is influenced
by the relative slip, the coefficient of friction, the contact pressure,
and tribochemical reactions. In the outer region, the slip leads to a
smoothing of the rough surface. In the region where partial slip occurs,
the reaction product Magnetite is also formed because the natural oxide
layer is worn away [24]. Additionally, the figure shows the movement
of the roller 𝑥 and the Hertz’ian contact width 2𝑏 [25].
The experimental results in Fig. 2(b) was obtained under the same
conditions as (a) with the difference that no lubricant was used. Under
dry conditions, the reaction product Hematite forms, which can be
identified by its reddish colour [24]. The occurring aggressive wear is
called Fretting Corrosion. This damage mechanism should be avoided,
as the wear can bring particles into the system, which can lead to severe
abrasive wear. False Brinelling and Fretting Corrosion both occur under
oscillating conditions. Used lubricant can be squeezed out of the contact
zone as the number of cycles increases. In this case, False Brinelling can
escalate to Fretting Corrosion [26,27], which makes the differentiation
of both terms difficult.
Fig. 3. Pitch bearing of reference wind turbine IWT 164-7.5-MW.
For big oscillating amplitudes (𝑥∕2𝑏>3) Fretting mechanisms dom-
inate if the contact partners are not separated by lubricant.
For pitch bearings in wind turbines lubricants with different prop-
erties are utilised. As pitch bearings experience varying conditions
with regards to load and movement it is necessary to consider these
influences when choosing a lubricant. For the presented investiga-
tions a reference turbine of 7.5 MW is analysed. All 6 tested greases
are industrial products that are used in wind turbine pitch bearings.
The behaviour of the lubricants is experimentally investigated using a
scaled bearing test, which utilises 7208 angular contact ball bearings.
To complement the bearing tests, single contact model experiments
are carried out. The experimental investigations focus on the wear
protection of grease lubricants that are used in wind turbine pitch
bearings. The test parameters are derived by FE-simulations of the
pitch bearing load during operation and analysis of the pitch bearing
movements published by Stammler et al. [28].
2. Reference conditions
2.1. Reference turbine IWT-7.5-164
Generic systems are widely used in research to validate new con-
cepts. In wind energy research generic wind turbines are an important
tool as measured data can usually be attained only at high costs.
In the presented work the IWT-7.5-164 (IWT) reference turbine, de-
veloped by Fraunhofer Institut for Wind Energy Systems, is used [29].
Fig. 2. Contact spot of 7208 bearing — (a) lubricated and (b) dry; 𝜃 = 1.0◦; 𝑁 = 25.000 and 𝑃 = 1.9 GPa.
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Rated power 7.542 MW
Rotor diameter 163.44 m
Specific power (per swept area) 360 W/m2
Cut-in wind speed 3 m/s
Rated wind speed 11.7 m/s
Cut-off wind speed 25 m/s
Drive train concept Direct Drive
Controller concept IPC
Minimum rotational speed 5 rpm
Rated rotational speed 10 rpm
Hub height 120 m
Rotor blade length 79.98 m
Tip-speed ratio 7.31
Other reference wind turbines were developed by National Renewable
Energy Laboratory (5 MW) [30] and Technical University of Denmark
(10 MW) [31]. The IWT is a direct drive three blade turbine with
load optimised control concept and blade design [29]. The turbine is
designed for wind class IEC A1 [32]. The main parameters are given in
Table 1.
The rated power output of 7.5 MW is reached at 11.7 m/s wind
speed. At this speed the maximum thrust force of 1075 kN occurs. To
control the power output and loads, pitching starts at 11.7 m/s.
2.2. Reference pitch bearings
The pitch bearing of the IWT is a two row four point contact bearing
with a rolling diameter of 4 690 mm, outer diameter of 5 000 mm, a
ball diameter of 80 mm, and 147 rollers per row. The gear for the
pitch drive is on the inside of the bearing. Therefore, the inner ring
is connected to the pitch bearing and the outer ring to the rotor hub.




Analysis of the bearing behaviour necessitates the knowledge of the
load distributions in the bearing. The combination of high stresses and
micro oscillations usually causes severe wear [34].
Chen et al. [35] investigated the load distribution in four point
contact pitch bearings of a 1.5 MW turbine with Finite Element Method
(FEM). Stammler et al. [36] investigated three row cylindrical roller
bearings of a 3 MW turbine. Further publications concerned with the
load distribution in pitch bearings are by Becker [37] orWang et al. [38].
Furthermore, numerous publications exist which are concerned with
the load distribution in slewing bearings. Work concerning the loads
Fig. 5. Occurring loads during operational conditions.
in four point contact bearings are also relevant for the analysis of
pitch bearings. Liu et al. compared their simulation results to experi-
ments [39]. Massi et al. investigated the contact behaviour of slewing
bearings [40,41]. Aguirrebeitia et al. investigated the load-carrying
capacity for slewing bearings [42–45]. Special focus can be put onto
the work by Daidie et al. [46] who uses non-linear springs to represent
the rollers. The model used in this paper is based on the work by Daidie
et al. [46] and does not take the surrounding stiffness into account,
since the maximum pressure will be used for the scaling process. A
schematic representation of the Daidie-approach for four point contact
ball bearings is given in Fig. 4(a).
A total of 11 load cases from Schwack et al. [33] were simulated.
The load cases are dependent on the pitch activity and the association
of load and pitch movement is accomplished via Range-Pair-Counting
as presented by Stammler et al. [28]. The coordinate system is given
in Fig. 1 and the naming of the contacts of inner and outer raceway
are shown in Fig. 4(b). The dominating bending moments 𝑀x and
𝑀y are presented in Fig. 5 together with the mean double oscillation
amplitude ?̂? for the respective load case. The values in Fig. 5 are the
maximum values determined during the simulation. For B1 the maxi-
mum bending moment 𝑀x is 3 306 kNm and 𝑀y reaches 18 488 kNm.
For B11 𝑀𝑥 is higher with 5 965 kNm. The 𝑀y bending moment reaches
12 240 kNm.
As no extreme load cases are simulated the load distributions are
similar to each other. Thus, the cases maximum load and minimum
oscillating amplitude (B1) (Figs. 6–8) and minimum load and maximum
oscillating amplitude (B11) (Figs. 9–11) are presented. For a better
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Fig. 6. Roller load during operating condition B1.
Fig. 7. Contact pressure during operating condition B1.
Fig. 8. Contact angle during operating condition B1.
overview the used coordinate system for the pitch bearing and the
circumferential bearing position is given for each Figure.
Analysis of the bending moments 𝑀x and 𝑀y show that 𝑀x in-
creases with increased ?̂? while 𝑀y decreases and that 𝑀y is higher than
𝑀x. For load case B1 the highest contact loads of 70 kN are reached.
This occurs at around 90◦ and position 22. The maximum loads for the
second row occur offset by 180◦. These contact loads lead to a Hertz’ian
pressure of 2.4 GPa. Due to the roller loads the nominal contact angle
of 45◦ increases up to 60◦. Nevertheless, truncation does not occur. For
load case B11 the maximum contact load is 50 kN occurring at 60◦ and
leads to Hertz’ian pressures of 2 GPa. The load analysis gives detailed
information on occurring load situation during operational conditions
and can be used as input data for the experiments.
3.2. Bearing kinematics
The oscillating movement is the main reason for increased wear in
pitch bearings. The oscillation is mainly caused by the pitch controller.
To understand the oscillating amplitudes and occurrence frequency of
respective amplitudes the IWT pitch movements are analysed.
Using a counting method described by Stammler et al. [28] the
oscillating behaviour can be deduced. First an amplitude range 𝜃r is
Fig. 9. Roller load during operating condition B11.
Fig. 10. Contact pressure during operating condition B11.
Fig. 11. Contact angle during operating condition B11.
defined. The IWT data was analysed in 0.2◦ steps, such that, e. g., if the
oscillation is between 0.2 and 0.4◦ the number of cycles 𝑁 is increased
by +1 for the step 𝑖 = 1. Additionally the real oscillating angle 𝜃 is
saved so that at the end of the analysis the mean angle ?̂?𝑖=1 can be
determined. The same method is applied for frequency 𝑓𝑖 and load 𝑃𝑖.
The analysis was accomplished for a turbine life of 20 years.
A total of 56⋅106 pitch cycles were analysed by Stammler et al. re-
vealing that small pitch amplitudes occur more often [28]. The analysis
considers all cycles that occur over 20 years during the pitch controller
is active. A number of 8.66⋅106, i. e., 15.3%, of all pitch movements
occur between of 0.03 and 0.2◦. The scaling will be accomplished with
the data of Stammler et al. and a constant contact pressure of 1.9 GPa.
3.3. Scaling
Scaling of the loads and kinematics is based on pressure and move-
ment distance 𝑥 in relation to the Hertz’ian half width 2𝑏 [25]. It is
assumed that the loaded surface area determines the wear. To keep
the area to cycle ratio constant in different physical dimensions, the
ratio of swept area to contact area is kept constant for all sizes. This
furthermore, leads to identical contact kinematics. This means that for
a smaller bearing the scaled oscillating angle increases in comparison
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Fig. 12. 𝑥∕2𝑏-ratio.
to a larger bearing. This leads to similar wear marks in scaled bearings
when compared to wear from large bearings [47].
Fig. 12 shows different 𝑥∕2𝑏 ratios. The ellipse in the centre shows
the Hertz’ian contact ellipse and the dashed lines the movement dis-
tance.
For scaling, the 𝑥∕2𝑏 ratio is kept constant for both bearing sizes.
As scaling is possible both from big to small as well as from small to







First the contact point between roller and raceway 𝐷P,O needs to be














With the known data of both input and output the values 𝐴h, 𝐵h,






















Additionally the maximum roller speed 𝑣max is used to determine
the scaled oscillating frequency 𝑓 .
𝑣𝐼max = 𝜋𝑥
𝐼𝑓 𝐼 (7)
Since most operational conditions of the pitch bearing leads to
boundary or mixed lubrication, the roller velocity is set as constant for




A few conditions with large oscillating amplitudes can lead to
hydrodynamic lubrication with a minimum film thickness ℎmin. For
example a turbine which makes use of pitch control for an emergency
stop of the turbine. For this rare conditions the lambda ratio 𝛬 should
be set constant. Since these operating conditions are rare and the
establishment of a lubricant film depends on the used grease lubricant,
we choose to keep 𝑣max constant. This is a conservative approach, which
leads to harsher conditions in the scaled bearing.
Fig. 13. Pitch behaviour of IWT-7.5-MW.


























With 𝐹𝑂N the contact half width 𝑏












And from the half width 𝑏𝑂 the thrust load 𝐹Ax for the scaled bearing







The presented method allows scaling of loads and movements be-
tween arbitrary bearing sizes. Fig. 13 shows the 𝑥∕2𝑏-ratios for the
reference pitch bearing if the analyses of load situation and contact
kinematics are considered. The movement data were taken from Stamm-
ler et al. [28] in which large oscillating angles were divided in larger
classes. This is shown with the dashed line in Fig. 13. Due to the results
shown in Fig. 13 the experiments focus on two 𝑥∕2𝑏 ratios:
• The region below 1.6. 𝑥∕2𝑏<1.6 occurs 15.3% of the time the
turbine is active.
• The area from 𝑥∕2𝑏=10 to 15.
4. Lubricants
The lubricants in widespread use in pitch bearings are greases.
In the experiments 6 lubricants commonly used in pitch bearing ap-
plications are investigated. Table 2 gives the main properties of the
greases. It is apparent that there are significant differences between
the greases, i. e., different base oil types, base oil viscosities between
13 and 420 mm2/s, different thickener types, NLGI classes from 1 to 2
are compared. The lack of a red line in the grease compilation shows
the complexity of grease lubricants for wind turbine pitch bearings.
Greases are comprised of a base oil, which is lubricating the contact,
and a thickener to increase the consistency. Commonly used thickeners
Wear 454-455 (2020) 203335
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can be metal soaps, e. g., Lithium (Li), Calcium (Ca), complex, e. g.,
Lithium Complex (LiX), Calcium Complex (CaX), or non-soap like with
Polyurea [48]. Currently the Li, LiX, Ca, CaX form the majority of
greases in applications and thus also the main focus of the investigation.
The base oils can be Mineral, Synthetic, or Ester oils with added
additives. The contacts are lubricated by the base oil bleeding from the
thickener. The forces keeping the base oil in the thickener structure
are mainly van-der-Waals and capillary forces. A higher concentration
of thickener will lead to a higher consistency of the grease.
One of the mechanisms widely used to explain the lubrication of
greases is, that the grease is distributed by the moving parts in the
bearing and thus situated adjacent to the race tracks. From this grease
oil bleeds out and flows, driven mainly by surface tension, to the
contacts. This oil then lubricates the contacts. Due to this mechanism,
grease lubricated systems usually run in a regime with very little oil
present. This in itself is not negative as it may lead to light starvation,
which can cause low friction losses due to the absence of excessive
churning. In the case of oscillating applications this however may pose
a big challenge.
Thus, the choice of the base oil, thickener and viscosity behaviour
greatly depends on the application. In the case of wind turbine pitch
bearings the following points need to be considered:
• Temperature encountered in the bearings ranging from low to
moderate, with the low temperature range posing the greatest
challenges for a reflow of the grease.
• During rotation of the hub and vibrations the grease needs to stay
in place to allow the bleed oil to replenish the contacts.
• The replenishment should be ensured in a stable manner over the
operating life of the turbine and across all operating conditions.
This means a high oil content is favourable, and the base oil
should be bleeding at a constant rate from the thickener.
As some of the requirements are contradicting, the choice of grease
is always a compromise. A too high consistency for example may lead
to the grease not changing its position during operation, however, also
restricts the oil bleed. The choice of a low viscosity base oil leads
to high mobility of the oil, i. e., the contacts are resupplied easily,
however, the base oil can also flow away and be lost for replenishment.
The lubricants contain additives and solid lubricants, which may
influence the wear behaviour. Since the focus of the work is the
comparison of industrial grease lubricants, which are used in pitch
bearing of wind turbines, the chemical composition of the greases is
not fully known.
Maruyama et al. conducted oscillating tests with bearings of the size
51305 with different grease lubricants [49]. The 𝑥∕2𝑏-ratio was varied
between 0.6 and 2.0, using a maximum contact pressure of 3.24 GPa.
14 greases with Urea thickener, Poly-𝛼-olefin oil and base oil viscosities
between 19 and 396 mm2/s at 40 ◦C were tested. Also the influence
of the worked penetration was investigated. Maruyama et al. concludes
that wear can be reduced for 𝑥∕2𝑏 > 1 by increasing the oil separation.
This can be accomplished by decreasing the viscosity or increasing the
worked penetration. The results are explained by the fact that the bleed
oil is removed from the contact area and a thickener layer forms that
reduces wear. Furthermore, it is concluded, that low viscosity base oils
show good performance at high velocities, while high viscosity base oil
show good performance at low velocities.
5. Experiment
5.1. Scaled bearing experiment
From the operating conditions and the scaling method the condi-
tions for the experiments can be deduced. The bearing experiments
are conducted using 7208 angular contact ball bearings as the contact
mechanics are comparable to axial loaded four point contact bearings.
The dimensions of the 7208 bearings are given in Table 3.
Table 2
Overview of grease properties.
Grease Base oil NLGI Thickener Base oil viscositya
1 Syn. 2 Li 50 mm2/s
2 Ester 2 Li 295 mm2/s
3 Syn. 1–2 LiX. 420 mm2/s
4. Min./Syn. 1–2 Ca 13 mm2/s
5 Min./Syn. 2 CaCx 134 mm2/s
6 Min./Syn. 1 LiX 130 mm2/s
aMeasured at 40 ◦C.
Table 3
Bearing geometry.
Outer diameter 𝐷 80 mm
Inner diameter 𝑑 40 mm





𝑥∕2𝑏 Frequency 𝑓 Cycles 𝑁
0.9 8 Hz 250 000
13.3 2.3 Hz 250 000
Fig. 14. Test rig.
The test rig shown in Fig. 14 consist of an electrical drive, which
oscillates the shaft on which the tested bearings are mounted. The
electrical drive allows high accelerations and can vary oscillating am-
plitudes precisely due to the control. Drive and shaft are connected via
a torsionally stiff clutch. Fig. 15 shows a cutaway of the design with the
face-to-face mounted test bearings. A thrust load of up to 40 kN can be
applied via disc springs in different configurations.
The operating parameters are given in Table 4. 𝑥∕2𝑏=0.9 repre-
sent small oscillation amplitudes with relatively high frequencies and
𝑥∕2𝑏=13.3 represent pitch amplitudes due to wind changes. Both test
conditions will run 250 000 cycles at 20 ◦C. All bearings are cleaned
in white spirit at 60 ◦C for 15 min. During this cleaning step the
bearings are in motion from time to time. The bearings are then rinsed,
while rotating the bearing, with Isopropanol in order to remove all
residues of the corrosion protection. In the last step, the bearings are
heated to 80 ◦C for 15 min so that any residues of the Petroleum and
Isopropanol evaporate. Similar to wind turbine pitch bearings, 60% of
the swept volume are filled with grease. Before each test the bearings
are subjected to 3 full rotations under load to distribute the grease.
5.2. Evaluation of tests
To quantify the surface changes the damage ratio as introduced by
Maruyama et al. is used [9,49]. It is the ratio of the surface roughness
Wear 454-455 (2020) 203335
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Test time 2 h 8 h
Oscillating frequency 32 Hz 8 Hz
Normal load 100 N
Max. pressure 2.2 GPa
Sliding distance 0.3 mm
𝑥∕2𝑏 1
Ball Diameter 10 mm
Ball Material ANSI 52100
Bed Material ANSI 52100
after 𝑆𝑧EXP to before 𝑆𝑧NEW the experiment. The results show the mean
damage ratio and standard deviations across the contact points of the
inner ring in one test bearing. Furthermore, optical investigations of





5.3. Model test (pure sliding)
In addition to the scaled bearing experiments a model setup was
also utilised. The model experiments were done on a Schwingungs–
Reibverschleiß(SRV) tester and defined in the standard DIN 51834 [50].
Here a test specimen (i. e., ball), loaded with a defined force of 100 N,
is moved with linear reciprocating motion on a steel plate. The test is
widely used to investigate grease life and efficiency.
Two parameter sets following a high oscillating frequency of 32 Hz
and 𝑥∕2𝑏=1 for 𝑁=230 400 (2 h) and low frequency of 8 Hz and 𝑥∕2𝑏=1
for 𝑁=230 400 (8 h). The normal force of 100 N results in 2.2 GPa
Hertz’ian pressure. The experiments were accomplished at 20 ◦C. Each
grease was tested 3 times for each test conditions. The evaluation of the
wear is done by measuring the diameter of the wear mark on the ball.
A microscopical image is shown as an example in Fig. 16. The result
shows the mean diameter and standard deviations of 3 experiments. It
must be pointed out, that the SRV contact operates under pure sliding,
while the bearing operates under a rolling–sliding motion. Thus, a
direct comparison of the results is not possible. However, an idea of
the grease behaviour in contacts with high slip may be attempted. The
parameters for the SRV tests are given in Table 5.
5.4. Grease analyses
Before and after the scaled bearing tests, the properties of the
grease lubricants are analysed. The bleeding rate before the tests are
determined according to DIN 51817 [51]. The NLGI class is measured
Fig. 16. Microscopy of a wear mark on ball – SRV 1 – Grease 2.
according to DIN ISO 2137 [52]. It should be noted that wear parti-
cles are not removed after the experiments and thereby influence the
measured NGLI class after the experiments. Furthermore, the content
of wear particles and contaminations are measured according to ASTM
D6595-17 [53].
6. Results
In the following section we present the results for the investigated
greases. For the bearing experiments 14 contacts are shown as photos
for the 𝑥∕2𝑏=0.9 and 𝑥∕2𝑏=13.3 tests. The SRV results are shown in a
tabular form. Furthermore, bearing experiments with 𝑥∕2𝑏=29.1 were
accomplished in which no wear was detectable. Thus these results are
omitted in the further discussion.
6.1. Grease 1(reference)
The results of the 𝑥∕2𝑏=0.9 experiments are shown in Fig. 17.
For 𝑥∕2𝑏=0.9 only the upper half of the damaged area is shown. For
the used angular contact ball bearing this area will show the highest
amount of wear due to the superposition of spin and Heathcote-slip [54,
55]. Only mild wear is distinguishable in a very narrow area. The
colour of the modified surface points to Magnetite. Hematite cannot be
optically identified. This is an indication, that the transition to fully dry
conditions and thus harsh Fretting Corrosion has not occurred yet. The
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Fig. 17. Surface microscopy – 𝑥∕2𝑏=0.9 – Grease 1.
damage ratio was determined to be 3.16±0.7. Analysis of the lubricant
after experiment shows a slightly raised content of Iron (40 mg/kg) and
Silicon (93 mg/kg) in comparison to an unused sample (Iron 27 mg/kg,
Silicon 24 mg/kg). The consistency of the grease was unchanged by the
experiment.
Fig. 18 shows the wear marks from the 𝑥∕2𝑏=13.3 experiments.
The wear marks show a presence of Hematite especially in the reversal
points, indicating a metal to metal contact. In the majority of the wear
marks the centre looks polished, which points out to wear debris in
the contact. Three marks also show Hematite. All marks show that
the original surface profile has been changed. Furthermore, isolated
pittings can be found. The grease analysis supports the observation
of more severe wear as 19605 mg/kg Iron, 196 mg/kg Chromium, and
122 mg/kg Manganese was found. The consistency of the grease was
only slightly changed. The damage ratio is determined as 4.55 ± 0.52,
however, it needs to be noted that a polishing of the surface due to
asperity contacts will yield a smoother surface after the experiment.
Thus, the damage ratio is limited in its use to describe the full wear
situation.
After the SRV-test the diameter of the wear scar is measured. For
SRV 1 the wear scar diameter was 0.33±0.006 mm. For SRV 2 a diameter
of 0.35 ± 0.010 mm occured.
The grease was specifically developed for oscillating applications. It
has a base oil viscosity of 50 mm2/s at 40 ◦C and an oil bleed rate of
4.4%. For small 𝑥∕2𝑏 ratios the lubricant could limit the wear compared
to other greases. With higher 𝑥∕2𝑏 ratios, harsh wear was observed.
Due to the solid lubricant particles in the grease and the low base oil
viscosity the grease seems suitable for low 𝑥∕2𝑏 ratios. Table 6 shows
the summary of the results.
Fig. 18. Surface microscopy – 𝑥∕2𝑏=13.3 – Grease 1.
Table 6
Summary — Grease 1.
Base oil viscosity at 40 ◦C 50 mm2/s
Thickener Lithium
Base oil Synthetic
Measured oil bleeding (168 h) at 40◦ C 4.4%
Damage ratio x/2b=0.9 3.16 ± 0.7
Damage ratio x/2b=13.3 4.55 ± 0.5
Iron content fresh grease 27 mg/kg
Iron content after x/2b=0.9 41 mg/kg
Iron content after x/2b=13.3 19 605 mg/kg
NLGI fresh grease 2
NLGI after x/2b=0.9 2
NLGI after x/2b=13.3 2
Wear SRV1 0.33 ± 0.006 mm
Wear SRV2 0.35 ± 0.010 mm
6.2. Grease 2
For Grease 2 the 𝑥∕2𝑏=0.9 experiments False-Brinelling marks were
clearly visible, see Fig. 19. The three demarcated areas defined by Grebe
for False-Brinelling are clearly identifiable [56]. In the upper part of
the wear mark changes of the surface are visible. The damage ratio
was determined as 3.56±1.59. Additionally indications of corrosion are
visible, which might be related to particles.
The 𝑥∕2𝑏=13.3 experiments in Fig. 20 show harsh wear in all areas
of the wear marks with clear indications of Hematite. This indicates dry
contact. Furthermore, isolated pittings were found. The damage ratio
was determined as 6.01 ± 4.48.
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Fig. 19. Surface microscopy – 𝑥∕2𝑏=0.9 – Grease 2.
Table 7
Summary — Grease 2.
Base oil viscosity at 40 ◦C 295 mm2/s
Thickener Lithium
Base oil Ester
Measured oil bleed (168 h) at 40 ◦C 2.2%
Damage ratio x/2b=0.9 3.56 ± 1.59
Damage ratio x/2b=13.3 6.01 ± 4.48
Wear SRV1 0.56 ± 0.020mm
Wear SRV2 0.48 ± 0.008mm
For SRV 1 the wear scar diameter is 0.56±0.020 mm. For SRV 2 the
diameter of the wear scar is 0.48 ± 0.008 mm.
Grease 2 shows more wear than Grease 1 both in the 𝑥∕2𝑏=0.9 and
x/2b=13.3 experiments and the SRV tests 1 and 2. It is assumed that the
high base oil viscosity of Grease 2 leads to worse re-flow of the base oil
into the contact. This is aligned with observations by Maruyama [49].
All results can be seen in Table 7.
6.3. Grease 5
For Grease 5 the form of the wear marks of the 𝑥∕2𝑏=0.9 experi-
ments is similar to the wear marks found with Grease 1, see Fig. 21.
Here the wear marks are also very narrow. The typical three slip zones
as described by Grebe [56] are very close to each other. In the upper
half, where the spin and longitudinal slip are superimposed in the
same direction, changes of the surface and adhesive areas are clearly
Fig. 20. Surface microscopy – 𝑥∕2𝑏=13.3 – Grease 2.
visible. The analysis of the grease shows a rise of the Iron content from
50 mg/kg compared to 15 mg/kg in the fresh grease. The consistency
is slightly changed as well (NLGI class decrease from 2 to 1.5 after
experiment. The measured damage ratio is 4.37 ± 1.21.
The 𝑥∕2𝑏=13.3 experiments show both wear marks with harsh wear
and marks with nearly no visible wear, see Fig. 22. The Iron content
in the lubricant (mean between several wear marks) is 11 017 mg/kg
and the consistency is very low reaching a NLGI class of only 0.5. The
measured surface roughness leads to a damage ratio of 3.96 ± 1.79.
The results of SRV 1 shows 0.33 ± 0.016 mm wear and 0.32 ± 0.032
mm for SRV 2. A comparison with the mean values from bearing
experiments is difficult due to the different results for each contact spot.
Grease 5 showed wear for small 𝑥∕2𝑏 ratios in small areas. However,
in these small areas the wear was very pronounced. For 𝑥∕2𝑏=13.3
experiments wear was partly prevented. The wear marks found clearly
show a dependency on the position in the bearing. Areas that are
situated at the top of the bearing are more damaged than the ones
at the bottom due to the grease distribution caused by gravity. The
consistency decreased during the experiments further enhancing this
effect. The decreased consistency after the experiments indicates that
the thickener was damaged by the stress of the test conditions. Addi-
tionally, the oil bleed rate after the test were measured and compared
with the oil bleed rate before the tests. The filter paper method was
used for this. A certain amount of grease is heated to 60 ◦C for 2 h.
The diameter of the oil stain is measured. The occurring measured
values before and after the experiments can be set in relation to make
a statement on changing oil bleed rate. After the 𝑥∕2𝑏=0.9 experiment
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Fig. 21. Surface microscopy – 𝑥∕2𝑏=0.9 – Grease 5.
Table 8
Summary — Grease 5.
Base oil viscosity at 40 ◦C 134 mm2/s
Thickener Calcium-Complex
base oil Mineral/Synthetic
Measured oil bleeding (168 h) at 40 ◦C 1.6%
Damage ratio x/2b=0.9 4.37 ± 1.21
Damage ratio x/2b=13.3 3.96 ± 1.79
Iron content fresh grease 15 mg/kg
Iron content after x/2b=0.9 59 mg/kg
Iron content after x/2b=13.3 11 017 mg/kg
NLGI fresh grease 2
NLGI after 𝛼 1.5
NLGI after 𝛽 0.5
Wear SRV 1 0.33 ± 0.016mm
Wear SRV 2 0.32 ± 0.032mm
the oil bleed rate was 51.5% higher compared to the oil bleed rate of
the fresh grease. After 𝑥∕2𝑏=13.3 the oil bleed rate was 43.1% higher.
For Grease 1 the same procedure was accomplished. The oil bleed rate
changed 3.7% for 𝑥∕2𝑏=0.9 and 14.8% for 𝑥∕2𝑏=13.3. The damaged
thickener of Grease 5 can help to lubricate the contact with base oil,
which can temporarily reduce wear. Since the squeezed out base oil
cannot stay in position, new problems occur. Furthermore, the grease
life will be decreased. The grease contains solid lubricants which might
aid the wear reduction, however no clear indication of this was seen.
All results can be seen in Table 8.
Fig. 22. Surface microscopy – 𝑥∕2𝑏=13.3 – Grease 5.
7. Discussion
Fig. 23 graphically compares the properties of the greases in relation
to Grease 1, which is set as reference. The absolute values are given
in Table 2. Even though all greases are used in the application, they
show vastly different properties. The base oil viscosity at 40 ◦C for
example varies between 13 and 420 mm2/s. Furthermore, the base oil
types, thickeners, additives, and additional solid lubricants differ.
Fig. 24. graphically compares the experimental results of all greases
in relation to Grease 1. The absolute values and standard deviations are
given in Table 9.
Comparing the damage ratio using the maximum roughness values
to exclude polishing effects of wear, variations between 2.37 (Grease
4) and 5.83 (Grease 5) in the 𝑥∕2𝑏=0.9 experiments were found. Three
greases showed better behaviour than the reference. Furthermore, for
𝑥∕2𝑏=13.3 only one of these greases shows better behaviour than the
reference grease. The maximum damage ratios show variation from
2.68 (Grease 4) and 14.37 (Grease 3). Grease 4 with the lowest base
oil viscosity (13 mm2/s) and highest oil bleed rate (11,9%) shows the
best performance in the damage ratio. Low base oil viscosities lead to
a better re-flow behaviour. The high oil bleed rate supplies the contact
zone with more base oil. This positive effect may change in a real pitch
bearing with increasing cycles as the grease life may decrease due to
the high bleeding rate.
With a few exceptions, the SRV-tests showed similar results for the
grease lubricants. For the greases 1, 4, 5, and 6 the mean diameter
was between 0.31 mm and 0.37 mm for both tested conditions. Harsh
wear was found for grease 2 (0.56 mm and 0.48 mm) and grease 3 (test
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did not run till the end due to high wear). The viscosities of grease 2
(295 mm2/s) and grease 3 (420 mm2/s) are comparatively high. The
results under pure sliding are in good agreement with 𝑥∕2𝑏=13.3
bearing tests and are partly in line with the observations of Maruyama
et al. [49]. For small oscillations grease lubricants with low viscosities
and high bleeding rates show better performance.
The comparison of the two test methods shows that assessments
of the occurrence of wear can be made with model tests under pure
sliding. Gravity, occurring wear debris, and the change of micro and
macro geometry of the raceway have an influence in the bearing test.
Therefore, the deviations for the results with different grease lubricants
are much larger.
It must be kept in mind that the damage ratio, while being a
quantitative parameter, alone is not an adequate parameter to evaluate
the wear behaviour of the grease in the tribo-system. The reason being
that wear may also cause a reduced surface roughness and thus a value
suggesting improvement even with significant wear.
Another very important observation is that the mounting position
of the bearing, i. e., the surrounding of the bearing, strongly influences
the wear characteristics. This is due to the fact, that gravity, acceler-
ation forces, and vibrations can have a detrimental or even positive
effect on the redistribution of the grease causing the contacts to be
starved respectively replenished. This of course needs to be considered
when transferring experimental results to real applications, which often
have very different environmental forces acting on the grease. This
observation of course is even more important in combination with the
consistency, i. e., NLGI class, and possibly the oscillating amplitude.
For the additional experiments with 𝑥∕2𝑏=29.1 no wear occurs for
all grease lubricants. Due to the large oscillating amplitude it could be
possible to reach hydrodynamic lubrication.
The lubricants contain additives and solid lubricants, which may
influence the wear behaviour. No detailed information on the exact
chemical composition are given by the manufactures, and the deter-
mination and publication of the exact chemical compositions is not
the focus of the work. The influence of additives and tribolayers on
wear behaviour in oscillating bearings are of great interest for further
research.
It should be noted that no grease fully prevented wear in all op-
erating conditions. However, some greases show promising behaviour
in certain operating conditions, e. g., reference grease at small oscil-
lating amplitudes. Thus a very careful understanding of the operating
conditions is necessary to choose a lubricant. Furthermore, a change
in the operating/surrounding conditions, e. g., change of pitch control
behaviour in a wind turbine, may be a more effective method to limit
wear. As shown in Stammler et al. the change of the controller concept
can change the conditions of pitch bearings significantly [47].
Wind turbine pitch bearings use systems for relubrication. The
chosen lubrication interval will also have a significant impact on the
wear that occurs. In addition, it must be noted, that greases in wind
turbine pitch bearings are often interact with corrosion protection, and
cleaning agents (sometimes water-based), which also influence wear.
Finally it should be noted that in a tribological system the behaviour
is governed by the interactions of all system components. Thus, a
transfer to scaled experiments for an understanding of grease behaviour
is useful and can be an important step to choose the correct lubricant
for an application. However, care should always be taken when directly
transferring laboratory experimental results to an application.
8. Conclusion
The behaviour of greases in downscaled oscillating bearing (7208)
experiments and SRV tests was investigated. The focus was on three
operating conditions, which were determined by analysing a multi-
megawatt reference wind turbine. These operating conditions are char-
acterised by the x/2b ratio, with ratios of 0.9, 13.3, and 29.1. Within
Fig. 23. Nominal grease properties.
Fig. 24. Nominal results of grease investigations.
the limits of the scaling methodology, the following conclusions could
be shown.
It could be shown that for small movements (x/2b=0.9) False
Brinelling occurred for all tested grease lubricants. The smaller x/2b,
the more often these conditions occurred in the reference system.
Greases with low base oil viscosities and high bleeding rates showed
the least wear, since the bleed oil can reflow in the contact zone.
For bigger movements (x/2b=13.3) severe wear occurred, which
makes a comparison between the greases difficult. For large amplitudes
(x/2b=29.1) no wear was visible.
It can be concluded, that the right grease needs to be tailored for the
encountered operating conditions. Greases that perform well in some
scenarios (e.g., small oscillating amplitudes) may well be detrimental
in other conditions. So far, none of the investigated greases was able
to show satisfactory wear protection in all the operating conditions
encountered in wind turbine pitch bearings. Care should be taken when
transferring experimental results to an application.
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Table 9
Summary — grease lubricants under wind turbine pitch bearing conditions.
Wear diameter Mean Damage ratio 𝑆𝐺 Max. Damage ratio 𝑆𝐺
SRV1 SRV2 x/2b=0.9 x/2b=13.3 x/2b=0.9 x/2b=13.3
Grease 1 0.33 ± 0.006 mm 0.35 ± 0.010 mm 3.16 ± 0.70 4.55 ± 0,52 4.05 5.20
Grease 2 0.56 ± 0.020 mm 0.48 ± 0.008 mm 3.56 ± 1.59 6.01 ± 4.48 5.80 12.27
Grease 3 –a –a 2.41 ± 0.40 8.64 ± 4.57 2.85 14.37
Grease 4 0.31 ± 0.003 mm 0.33 ± 0.025 mm 2.16 ± 0.30 2.19 ± 0.49 2.37 2.68
Grease 5 0.33 ± 0.032 mm 0.32 ± 0.033 mm 4.37 ± 1.21 3.96 ± 1,79 5.83 6.47
Grease 6 0.34 ± 0.014 mm 0.37 ± 0.021 mm 3.01 ± 0.60 5.20 ± 2.25 3.84 7.39
aSRV test does not run to the end due to high wear.
Nomenclature
𝛼 Nominal contact angle
𝜃 Double oscillating amplitude
𝜃𝑟 Amplitude range
?̂? Mean double oscillating amplitude
?̂?𝑖 Mean double oscillating amplitude of time step
𝛬 Lambda ratio
𝜇 Coefficient of friction
𝜇Hertz Auxiliary coefficient Hertz
𝜈 Auxiliary coefficient Hertz
𝜌 Calculated osculation
𝜎 Poisson’s ratio
𝜏 Auxiliary angle Hertz
𝑎 Half length of the contact area
𝐴 Auxiliary coefficient Hertz
𝑏 Half width of the contact area
𝐵 Auxiliary coefficient Hertz
𝑑 Inner bearing diameter
𝐷 Outer bearing diameter
𝐷P Rolling diameter
𝐷P,O Contact point between roller and raceway
𝐷WK Roller diameter
𝑓 Oscillation frequency
𝑓i Mean oscillation frequency of time step
𝐹N Normal load






𝑃𝑖 Mean contact pressure of time step
𝑄 Roller load
𝑅a1 Roughness of contact 1
𝑅a2 Roughness of contact 2
𝑆𝐺 Damage ratio
𝑆𝑧EXP Surface roughness after experiment
𝑆𝑧NEWSurface roughness of new specimen
𝑣max Maximum roller velocity
𝑉 (1 − 2𝜎2)
𝑥 Distance covered by rolling element
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